This manuscript provides a combined computational-experimental investigation of the 2 interaction of damage mechanisms in carbon fiber reinforced polymer (CFRP) laminated 
Introduction
Spearing and Beaumont [24] investigated carbon-epoxy quasi-isotropic and cross ply speci-mens with elliptical notches subjected to tension fatigue. The primary damage mechanisms of 49 longitudinal splitting in 0 degree plies, transverse matrix cracks and delaminations with size re-50 lated to the length of the longitudinal splits were observed. Close examination of 0 degree plies 51 around the notch tip revealed broken fibers particularly at the intersection of a split and the 52 matrix cracks. This study found that the split length increased with additional fatigue cycles 53 and that the longer split length was correlated with higher residual strength of the coupon. propagation is the determining mechanism for fatigue life. Those laminates with weaker inter-59 faces displayed higher residual strength pointing to a transition in load carrying mechanism as 60 a function of interfacial properties, which also control interlaminar degradation. Ambu et al.
61
[2] and Aymerich and Found [3] investigated the interacting damage mechanisms in notched 62 and unnotched quasi-isotropic and cross-ply laminates. The failure sequence in both laminate 63 types were matrix cracking and splitting followed by delaminations. Use of a thermoplastic 64 matrix eliminated the longitudinal splitting in quasi-isotropic laminates, which led to early calibration. All static tests were conducted under constant displacement rate loading. The rate for tension and shear tests was 2 mm/min, for compression tests was 1.5 mm/min, and 111 for end notch flexure tests was 0.5 mm/min. All fatigue tests were performed using an R-ratio 112 of 0.1 and a frequency of 10Hz.
113
A 25 mm gage length clip-on extensometer was used to measure the strain in the vicinity of 114 the hole for notched specimens. Five replicates were loaded in monotonic tension to 90% of the 115 ultimate stress, unloaded, and inspected using x-ray. After inspection, the monotonic tension 116 specimens were loaded to failure. Five additional specimens were loaded in tension-tension 117 fatigue to 80% ultimate stress for 2,000,000 cycles. These fatigue specimens were removed 118 from the testing machine at 50,000 cycle increments for x-ray inspections. to each image using noise reduction and latitude correction.
119

140
X-Tek HMX160 X-Ray computed tomography (CT) system was used to characterize the 141 damage in the specimens. The CT system consists of an X-ray source with a voltage of 90 kV 142 and a current of 90 µA, a stage that rotates 360 • at 0.5 • increments, and a Molybdenum target.
143
A maximum resolution of approximately 5 µm was achieved at the highest magnification. The
144
CT Pro software package was used to reconstruct the raw image data while VG Studio Max 1.2
145
was used for surface rendering to create the three dimensional image of the damaged specimen. The failure behavior of the composite subjected to fatigue loading is modeled using the space-148 time multiscale computational framework previously developed in Ref. [10] . The aim and the 149 main contribution of the current investigation is to employ this computational approach to un-150 derstand the interaction of the subcritical failure mechanisms that contribute to the composite 151 survivability. A general description of the modeling strategy used is briefly described below,
152
and the constitutive equations of the composite constituents are stated. Detailed multiscaling 153 theory and its implementation are described in Refs. [9, 10, 19] and skipped herein for brevity.
154
The multiscale computational strategy for fatigue life prediction is illustrated in Fig. 1 .
155
In space, the Eigendeformation-based reduced order homogenization (EHM) approach was 156 employed. In this approach, the microstructure response is approximated numerically using a damage variable is expressed as:
where a superscribed dot indicates time derivative, · + denotes Macaulay brackets, Φ the 185 phase damage evolution function, p (α) the cycle sensitivity exponent, and υ (α) the damage function is taken to follow an arctangent law of the form:
in which a (α) and b (α) are parameters that control strength and ductility, and υ
is the 190 threshold damage equivalent strain, below which damage does not evolve. Φ is a non-negative,
191
smooth and monotonically-varying function that asymptotes to unity.
192
The rate of damage evolution under cyclic loading is controlled by the multiplier component in power form in Eq. 1 (i.e., (Φ( 
where γ equivalent strain is defined as a function of the phase average principal strains,ε (α) , as:
whereL (α) denotes the tensor of elastic moduli rotated to the principle strain direction, and 214 F (α) is the weighting matrix that accounts for the tension-compression asymmetry of the failure 215 behavior:
in which c (α) is a material parameter that represents damage contributions of the tensile and 217 compressive loading in the principle directions, and diag denotes diagonal matrix.
218
The sensitivity of the damage evolution function to cyclic loading is controlled by the power
(i = 1, 2, 3) are material parameters that relate the cyclic damage evolution to 221 the loading history in the respective failure path where υ
denotes the maximum value of the phase damage equivalent strain experienced within the The macroscale stress (i.e., CV-average) of the composite is expressed as a function of the 229 macroscale strain,¯ , and the phase average damage-induced inelastic strains (i.e., eigenstrains),
where the damage-induced inelastic strains are computed by solving the following nonlinear 232 equation: represented by the three failure paths (Fig. 2) and modeled using separate failure parameters.
256
The static failure parameters of a given failure path, α, are a (α) , b 
263
The uniaxial tension tests on unidirectional laminates were used to calibrate the fiber failure Table 2 . The fatigue failure parameters for each of the three failure modes consist of d 
275
325
The fact that none of the specimens failed implies that all damage modes remain subcritical,
326
despite the large amplitude of the applied cyclic load (80% of the monotonic strength).
327
In order to understand the role of interacting subcritical damage mechanisms on the fail- determining the failure characteristics of the composite subjected to fatigue loading.
346
The stiffness degradation of a numerical simulation that includes delamination as a possible the two dominant damage mechanisms, whereas fiber fracture propagation is not observed.
373
We note that the amplitude of loading applied is sufficient to lead to fiber fracture around the 374 hole. While the early onset of fiber fracture is observed in this simulation, the fiber fracture The discrepancy between the experimental and simulation results is mostly due to the faster 381 rate of predicted fatigue damage accumulation in the model predictions. This is attributed 382 to two factors, which will be investigated in the near future. First, the fatigue delamination 383 model is calibrated using the end notch flexure specimens, which appear to be insufficient to to the loading direction.
410
In the absence of delamination this phenomenon cannot occur. Shear stresses that cause 411 fiber splitting are bridged by the neighboring off-axis plies around the hole. The stress con-412 centration is not relieved and the fiber fracture propagates as a crack through the specimen.
413
This process is schematically illustrated in Fig. 12b .
414
We note that this phenomenon is not specific to the laminate considered in this study. demonstrates that the subcritical damage mechanism of delamination induced fiber splitting 431 relieves the stress concentration and results in a consequent increase of residual strength.
432
While this phenomenon has been previously observed, the connection of its occurrence to the 433 interacting damage modes was not made.
434
The role of interacting damage mechanisms and their accumulation on the fatigue surviv- 
